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ABSTRACT

Crack propagation in a metal sheet is impeded by the inherent resistance to
fracture of the alloy. This resistance is manifested by the requirement that crack
growth will occur only under a rising load up to an instability load at which un-
stable fracture commences. If the fracture resistance curve which designales the
ioad-crack extension relationship to instability has a unique shape for each material
and is independent of most specimen dimensions, it can be a valuable tool in
failure-safe design.

The fracture resistance curves (R-curves) have been obtained for six high-
strength sheet alloys which fractured under elastic loads. The infiuence of three
specimen geometric variables and yield strength on the shape of the R-curve and
the critical stregs-intensity factor K, was investigated. On several alloys a compar-
ison was made between the R-curve and K, value generated with a center-cracked
tension {CCT) specimen and data derived from a crack-line loaded {CLL) used at
Armco Steel Corporation.

The radius of the slit tips in the CCT specimen did not affect the K. value
for aluminum 7075-T6 in which stable crack growth preceded instability. The R-
curves emanating from fatigue-cracked specimens did indicate longer crack growth
at lower loads than was evident from the blunter slit tips. Both K, and R curves
were generally independent of initial slit length 2ag for aluminum sloys, although
some scatter was obsgerved for one steel and the titanium alloy,

The K, value was independent of specimen width W for hxgh-strength slumi-
mum sltoys. The shape of the R-curve for the different CCT specimen widths of
2024.T3 was identical. The inverse relationship hetween K, and yield strength was
obvious for the aluminum alloys and for 4130 steel.

A comparison of K, values for the CCT specimen and the CLL specimen in-
dicated some differences for alloys which manifest crack growth under constant
load. Since the commencement of constant-load crack growth marks the end of
structural integrity, its recognition is crucial to a rationai interpretation of fracture
resistance. This behavior is observable on the CCT specimen test record, and the
K value at initiation of constant load crack growth is designated as K. Because
the behavior was not directly observed on the CLL specimen test record, the K,
criterion applied to these specimens was different. Thus, the differences between
the K, values reported by CCT and CLL specimens are atiributable to interpreta-
tion of data and not to the different methods of load application employed by
the specimens,
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CRACK-GROWTH RESISTANCE CHARACTERISTICS OF
HIGH-STRENGTH SHEET ALLOYS

INTRODUCTION

The design process for high-performance structures requires the selection of metal:
properties criteria which will characterize the performance of the material. Conventional. .
design practice which puts inordinately heavy emphasis on tensile test parameters is in-
sufficient for fully rational design. Without consideration of static and dynamic fracture
resistance, stress-corrosion sensitivity, and fatigue characteristics, design adequacy cannof
be assured.

The fracture resistance of a material is among the most important material properties
to be defined. The degradation of the capability of a metal to tolerate flaws as the metal
strength is increased is a fundamental problem for the designer who views the use of high-
strength alloys as a means to increase structural efficiency. The ability to characterize the
fracture resistance properties of high-strength sheet metals permits the effective utilization
of the precise structural analysis with which the designer can describe the stress and stram'
concentrations in the structure.

When high-strength sheet alloys are fabricated, the structure will inevitably contam
flaws and cracks which will impair its load-bearing capabmty The degree of 1mpa1rment
can be measured by application of the basic parameters of linear-elastic fracture mechanics
which defines fracture resistance in terms of the load and crack length relationship requlred
for commencement of unstable crack extension.

FRACTURE RESISTANCE (R) CURVE

The R-curve concept, first promulgated in 1960 (1), suggests that a unique relationship
exists between the crack-growth resistance R and the amount of crack extension &a. Thls
relationship describes the crack-growth resistance of a metal alloy. In a rising-load test the
crack-extension force 4 increases and is opposed by a resistance to crack extension R,
Equilibrium is maintained so that & =R up to the point of instability, whereupon the
driving force overwhelms the capability of the metal to resist crack extension and unstable :
fracture commences.

An operational def1n1t10n of instability recognizes that load is not the independent
variable in fracture toughness testing; rather it is the separation of the heads of the testing
machine, equivalent to overall specimen extension, e. At instability, dP/de = 0 Subsuhary
test variables are the stress ¢ and crack length a. !

In a quasi-two-dimensional prototype specimen, an appropriate expression fo;ﬁ.ﬁ isd '_;j R

Ed =no2a (Ref. 2) o (1)
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Now since & = R = 0, so also does d(# — R) = 0.

Including the subsidiary variables, one obtains
‘ ad\ fdo ad\ /da
e (289 ()2
Ao —Ride =57\l * \oa/ \Ge @
aR do 3R da
“<do) (de) (da) (de) -0 | ®

Since {do/de) = § at instability, by definition, this reduces to

(aé') <aR)
L =y = 3, = €4}
aa a = Uﬁ 8& 0 = O-c

where ¢ is the instability or critical value,

Y the crack resistance curve, hereafter referred fo as the R-curve, has a unigue shape
for each material and is independent of initial crack length, specimen geomeiry, and boundary
loading conditions, it can be considered a fracture-toughness signature of the metal, A
geometry-independent R-curve can be a useful tool to engineers engaged in failure-safe
desipn, Through the use of a numerical solufion, the designer can ascertain the tangency
point between the crack driving-force curve and the R-curve, and therefore compute the
stress intensity at the commencement of unstable crack propagation. Since the equation
which describes the crack driving-force curve will approximate the stress distribution and
boundary loading conditions of the structure, the tangency point will provide the critical
stress vs crack length relationship applicable to the structiure at the onset of brittie fracture.
Catastrophic failure can be prevented by using a structure design which will keep any
stress vs crack length relationship that may cccur in service from approaching the critical
relationship.

MATERIALS

The fracture toughness of six siructural sheet metals was investigated: three aluminum
alloys, one titanium alloy, and two steels. Al of the sheet was 0.063 in. thick with the
exception of the PH 15-7 air melt stainless steel {0.052 in.} and 7475-T61 aluminum
{0080 in.). The mechanical properiy data and the heat treatments are presented in Table 1.

EXPERIMENTAL PROCEDURE

The R-curve concept has recently been revived to examine its usefulness in defining
the fracture resistance of thin sheet metals subject to a plane-stress condition. Heyer and
McCabe (3} have utilized the crack-line loaded (CLL) specimen to provide R-curves for a
spectrum of metal alloys. A wedge-opening device is used o load the CLL specimen and
propagate the crack. Because of the specimen configuration and loading system, the crack
never becomes unstable and full R-curves can be developed.
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Table 1
Mechanical Properties
. Ultimataw
Yield Strength ) .
. Fracture Tensile | Elongation Heat Treatment
Material Alloy Direction :.;’é;i ((]kii? Strength % ea o
(ksi)
Aluminum | 7075-T6 WR 16.5 88.5 110
7475-T61 WR 59.3 70.4 1258
2024-T3 WR 60.0 69.8 170 _ _
Steel 4130 WR 169.5 183.0 as Austenize: 1575°F, ihr.
water spray - :
Temper: T00°F, 80.min.,
air cool : :
4130 WR 178.4 228.1 52 Austenize: 1575°F.80 min.
waler spray .
Temper;: &§00°F, 30 min.,
air cool
15-7 PH* WR 212.0 - - Heat: 1760°F, 10 min
Cool: Air cool to room
temp. Cool to -100°F, 8 hrs.
Reheat: 1050°F, 1hr, )
15-7 PH* RW 219.1 229.4 5.2 o
Titanium | 6A1-4V WR 151.1 156.3 10 | Solution anneal: 1700°F,  §
20 min., water spray.
Age: 9T8°F, 8 hws,, -
Air cool o

*Donated and heat treated by Armeo Research Laboratory.

The center-cracked tension {CCT} specimen is used at NRL to measure K., as this
specimen is representative of a structural prototype element. The R-curves were drawn
from load and crack-opeuing displacement data obtained from the K, investigation.

The plane-siress fracture toughness specimen is presented in Fig, 1. In the center of
the specimen a cracklike slit has been introduced and within the slit has been placed a beam
displacement gage instrumented with a 4-strain-gage circuit. Upon loading, the borders.of.
the slit are displaced and cracks will initiate at the slit tips along a plane perpendicular to
the applied stress. The displacement gage will monitor the crack-opening displacement (COD)
via an electrical readout to an X-Y recorder; a previous calibration hetween COD and crack
fength enables calculation of crack length at any load level during the test (4). Stable crack
growth occurs from each shit tip until the total crack reaches a critical length for the applied
stress, whereupon unstable crack propagation ensues and the specimen fractures. The erack
length and stress at the onset of instability are used fo calculate K.

The center slit in the CCT specimen was produced by an electric discharge (elox)
method. The root radius of the slit tip was typically 3 to 5 mils, which could be decreased
to 1 mil by a second elox operation with a fine electrode. Some specimens were also
faticued to assess the influence of slit-fip sharpness on K and the R-curve. When stable
crack growth preceded fracture, earlier work has shown the crack to be sutficiently acute
to eliminate crack or slit-tip radius as a variable (5). '
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Fig, 1 — Center-cracked tension (CCT) specimen and

FRACTURE TQUGHNESS : M
TENSION SPECIMEN FOR instrumented beam displacement gage

HIGH-STRENGTH SHEET |

BEAM DISPLACEMENT GAGE
INSTRUMENTED WiTH A
G-5TRAN-GAGE CIRCWIT

Specimen width W varied between 12 and 20 in. The length of the unheat-ireated
specimen was 36 to 40 in. The restricted size of the heat-treating equipment required the
use of foreshortened specimens, the length of which was limited fo 12 to 15 in. To achieve
the desired total testing length, extension tabs were fastened to these specimens with bolis.
Previous K, tests on foreshortened aluminum specimens that were lengthened by extension
tabs have demonstrated K, was unaffected by this technique {4). The PH 15-7 specimens
were heat treated at Armco, and the foreshortening method did not have to be employed.

DISCUSSION OF R-CURVES

Alyminum 7075-T6

The fracture toughness properties for Aluminum T075-T6 and subsequent materials
are reported in Table 2. Two lots of this alloy were tested: lot 1 represents sheet stored
for a number of years, whereas lot 2 sheet was newly acquired.

In Fig, 2a, R-curve data poinis are displayed which represent a spectrum of eloxed
initial crack lengths 2ag for the CCT specimen. An average curve has been drawn through
the cluster of points, as the slight scatier militates against distinction of the individual
curves. The data points marked with C indicate the point on the individual curves at which
K. was calculated.

The R-curve appears to be independent of initial crack length for CCT specimens of
this alloy. A comparison of the average CCT R-curve with the Armeo CLL specimen R-
curve for the same alloy indicates that the CLL specimens demonstrated considerably
longer erack growth to achieve the same Kg value. The X on the Armeo curve at 63.0
ksiv/in. designates the stress-intensity value taken as K,. This compares well with the
average NRL K, value of 65.2 ksivin. for lot 1 computed by averaging more than 20 tesis
of the CCT specimens containing different initial crack lengths. '
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Table 2
Fracture Toughness Properties
Specimen Gédmeiry
Yield Lot . Specimen :
Material Alloy gmft‘j;‘; Strength |  No. e Width cor CLL
e {ksi) Specimen p (In.) K, K,
(ksiv/in.) | (ksivin.)
Aluminum | 7075-T6 WR 76.5 Lot 1 Elox 12 65.2 . -
T075-T6 WR 76.5 Lot 2 Elox 12 81.2 -
T075-T6 WR 76.5 Lot 2 Elox-sharp 12 61.0 -
T075-T6 WR. 76.5 Lot 2 Elox-fatigue 12 659.0 . 63.0.
crack
7475-T61 WR 59.3 - Elox 12 88.4 118.1
2024-T3 WR 50.0 — Elox 12 97.2 860
16 97.2 -
20 102,7 106.0
Steel 4130 WR 169.5 - Elox 12 160.0 -
4130 WR 178.4 - Elox 12 140.8 -
15-7T PH WR 212.0 — Elox 11 117.8 20.0
15-7 PH WR 212.0 - Elox 12 109.8 -
15-7 PH WR 212.0 — Elox 20 137.6 90.0
15-7 PH RW 219.1 — Elox 5 222.0 -
15-7 PH RW 219.1 - Elox 10 243.3 —
15-7 PH RW 219.1 — Elox 12 268.5
15-7 PH RW 219.1 - Elox 20 294.2 -
Titanium 6A1-4V WR 151.1 — Elox T4.4 -
6AI-4V WR 151.1 — Elox-fatigue 86.1 -
crack
B -0063 N
W= 1200 IN.
20 =12 IN. ©
100 20iN.Q
30N a
50NV
60N O
74y = T6S K

Kq KSI N

201

4

NRL K. =852 KSI/IN. @ C
ARMCO K. =630 KS| @ X

1
joXie]

1
020
Aa-IN.

Q30

840

Fig. 2a — Crack-growth resistance Ky for aluminum
alloy 7075-T6 plotted as a function of erack growth
Aa = a - a9. K, indicated by C for CCT specimens,
and by X for CLL specimens (Armco). Radius of
the slit tips was 0.003 to 0.005 in.
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influence of the initial slit tip radius on K; and the R-curve, the
original eloxed slits which had an average slit tip radius of 0,004 in. were re-eloxed with
a very thin elecirode. The sharp elox slits which extended the original slits were 0.002
in. wide, 0.05 in. long, and contained an average radius of 0.001 in. The sglit tip radius
was further reduced by fatiguing a crack at the tip of the sharp elox slits, The R-curves
for the sharp slits of lot 2 are presented in Fig. 2b and for the fatigued specimens in

B=0063 IN
W =200 N,
2a,=200 IN. O + SHARP ELOX
400 iy &4+ SHARP ELOX
NRL Ko =6L0 KSH. @ C
ARMCO K.=63 KSI @ X

I [
60} C

ARMCO CURVE
A0

1
020
Ag-,

Fig, 2b — As Fig. 2Za; slit tips extended by a sharp
elox slit (0.06 in, long, 002 in, wide) tip radivg of
sbout 0,001 in. Amount of crack growth similsr to

040

that in Fig. 2a.
B=0063 I,
W=1200 N
Ly o 20, =200 INOB+FATIGUE
400 ¥ A A+ FATIGUE
NRL Ko =53 KSR
BOT ARMGCO K= 63 KSI @ X
E 60
2
w ARMCO CURVE
= 4
20
o I 1 | SN, N I J
(4] QIO 020 030
Ag-IN.

Fig. 2c — As Fig. 2a; slit tips extended by a fatigue
crack, Amount of erack growth prior to instability
has increased to that of CLL specimen,
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The sharp slit R-curves (Fig. 2b) demonstrate slightly greater crack growth before
failure than did the curves for the single elox operation of Fig. 2a, although the Armco
curve continues to exhibit longer crack extension. The R-curves representing the fatigued
specimens of Fig. 2c show considerable crack growth and overlap the Armco R-curve with
the exception of one curve which fell low. The average K¢ values for these lot 2 materials
of 61 ksiv/in. for the sharp eloxed specimens and 59 ksivin. for fatigue-cracked specimens
are commensurate with unpublished data on lot 2 material using the blunter elox slit in
which K. = 61 ksivin.

Aluminum 7475-T61

The data for this tougher aluminum alloy are shown in Fig. 3. The CCT curves for
2ag of 2- and 3-in. eloxed slits appear identical to each other and to the Armco CLL data.
The K. values obtained by the different specimens are, however, significantly different:
the CCT values average 88 ksiVin., whereas, the CLL specimen evidenced a toughness of
118 ksivin. The difference is believed to be a result of the dependency of crack growth
behavior on specimen design and is discussed in more detail in another section of this,
report. '

B=009 N.
W=1200 N
20,2200 IN. ©
300 IN. B
7,42 60 KS
200} NRL K =884 KSI N @C
ARMCO K, =118 K5! @ X

_~|o

B

RMCO CURVE

1 | i
9 15 20
Aa IN.

Fig. 8 — Crack growth resistance Kp for aluminum
alloy 7475-T61 WR plotted as a function of Aa.
Instability value of K, indicated by *C” for CCT
specimens by “X" for CLL specimens. Armco (CLL}
curve fits CCT specimen R-curve but K, values differ,

Aluminum 2024-T3

R-curve data points for 12-in.-wide CCT specimens of 2024-T3 are plotted in Fig. 4a,
and for 20-in.-wide specimens in Fig. 4b. The Armco curve represents an average of two - -
CLL specimen geometries 2T and 4T, 5- and 10-in. widths, respectively. S

Close agreement exists between the shape of the R-curves for the CCT and CLL
specimens with the CCT specimens manifesting a slightly higher K value throughout the
range of crack extension. Initial crack length did not influence K. for the CCT specimens
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Fig. 4a — Crack prowth resistance Ky for aluminum
alloy 2024-T3, direction WR, Instability value of K,
indicated by “C” for 12-in, wide CCT specimen, and
“X* for CLL specimen, Arrows indicate crack growth
beyond limit of CCT ealibration curve. R-curves
from both specimen geomeiries are close fitting but
K, vatues differ.

B=0063 IN,
W=200 N
2a,=4CG N o
500 ™. O
Sys® 50 KSt
200t NRL K 2972 KSLIE @G
ARMCO K€= 860 KSI @ + 27
1060 KSI @ X 4T
/
g s ©° °
] ¢ & o 99 Ko
g’z fls/a) 3 8.0 \ﬁ
- RMCO CURVE
o I 1 ¢ i i i :
"0 050 i 5 i3
' . Ao

B=0.063 IN
W=2000 N,
26,5300 o

GEOIN O
77 5O K5
NRL K =027 KSI TN @ ¢
ARMCO K= B6D KSI @ + 2T
10680 KSH @ X 4T

1
)
Ho

Fig. 4b — Az Fig. 4a but width W = 20 in. Although
Armeco curve is slightly low, it iz probably within

20

normal scatfer range,

of either the 12- or 20-in. width. The Armco data do indicate the possibility of an effect
of CLL specimen width on K;; the K, of the 2T specimen (5 in. wide, but considered
equivalent to a 10-in.-wide CCT specimen) is 86 ksiv/in., whereas the 4T specimen {10 in.
wide, equivalent {o a 20-in.-wide CCT specimen) measured K, = 106 ksiv/in. The slight
difference between K, values for the two widths of the NRL data indicates that if CCT
specimen width has an influence on K. the effect is slight.,




NRL REPORT 7374 9

Steel PH 15-7

The PH 15-7 stainless steel sheet employed in this investigation was donated by Armco
in the heat-treated condition. Several CCT specimen widths were used and an R-curve
comparison for the WR and RW fracture direction is presented in Figs. 5a and bb,
respectively.

B=0.050 IN,
WsILOOWN, O
200N oe
2000 IN. &
i oye= 212 KSI
NRL K. =1125 KSR @C
ARMCO K. = 900-KSI @ X

200

\ARMCD CURVE

)
o] 0.50 12 (5] 20
Aa IN.

Fig. 5a— Crack growth resistance Ky for stainless
steel PH 15-7 (air melt), direction WR. Instability
value of K. indicated by C for CCT specimen and by
X for CLL specimen. Inexplicably high X, value
noted for 20-in.-wide CCT specimen.

300

B = 0050 IN.

W=500 &
looo om

[£ 200 200 cow

= 2000 ¥

¢ ayy ® 2191 KS|

xtl:

NRL K, = (VARIED) KSI VIR @C

o 1 1 —1 L i '
44 050 1o L5 20
Ad-IN,

Fig. 8b — As Fig. b5a; direction RW. Note influence
of specimen width on the R-curve for this high-

toughness fracture direction as reflected by board K
scatier,
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As evidenced by Fig. 8a, both the CCT specimen R-curves and the instability points
for the WR. fracture direction fell significantly above the CLL curve established with 2T
and 4T specimens. The CCT R-curves can be distinguished according to specimen width
with the narrower specimen lying further from the Armco curve. Considerable scatter was
also evidenced for the R-curves generated by testing the material in the RW fracture direc-
tion, Again, the width effect could be roughly discerned, with the wider CCT specimen
producing the generally lower R-cuxrve. The K, values were spread over such a broad range
that no characteristic value is quoted for the RW fracture direction. Center-cracked tension
specimens wider than 20 in. must be tested before the RW fracture resistance of this tough
material can be ascertained.

Steel 4130

This steel alloy sheet was heat treated to two yield strength levels of 169.5 and 178.4
ksi. CCT specimens confaining a range of initial crack lengths were investigated to determine
K and to establish R-curve data. The results of this study are displayed in Figs. 6a and &b,

300

200~
B = 0063 v
W=1200 N
20,3200 N ©

300N ©

400W. &
oy 51695 KSH

Ko =16G kSR @ ¢

Ky KSIVIE

o]

Fe) 1 L 1 —1 i —_ i
o 050 0 15 2o
AaIN.

Fig. 6a — Crack growth resistance Kg for 4130 steel,
Oyg = 189.6 ksi, Instability values of K, indicated by C.

When the slit length was varied between 2 and 4 in,, the fracture toughness of the
lower strength sheet was independent of the initial length of the eloxed slit Zap. This is
evident in Fig. 6a in which the R-curves and instability values for different 2a4 are indis-
tinguishable, Scatter was present in the higher strength sheet of Fig, 6b, but s trend was
nof discernibie. There are no CLL specimen data available for this alloy.

Titanium Ti-6Al-4V

Center-cracked tension specimens of heat-treated 6AI-4V titanium sheet were investi-
gated over a range of initial slit lengths and the results are presented in Fig. 7. There
seems to be a tendency, previously observed in aluminum alloys, for specimens with the
longer 2ag values to manifest more crack growth than specimens with shorter initial slits.
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Fig. 7 — Crack growth resistance for titanium alloy
6Al1-4V. Instability values of K, indicated by C.

R-curve shape and K. values are also distinguishable according to initial slit length although _
the K. range is narrow.

Two distinct types of fracture behavior were observed and are commented upon later
in this report. The one fatigue-precracked specimen exhibits no increase in crack growth

prior to instability. There is no CLL specimen data with which the CCT speclmen results
may be compared.

DISCUSSION OF EXPERIMENTAL DATA

An examination of the load-crack growth record has revealed several types of crack. .
extension behavior and these are schematically illustrated in Fig. 8. Region I defines the
load required to initiate crack growth at the slit or fatigue crack tip. Once formed, the
crack will commence stable growth under a rising load (Region II) and if the load is held
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Fig, & - Schematic of two iypes of crack extension behav-
ior, one in which final separation oecurs at some value of the
rising load, and the other in which final separation occurs
after a period of crack growth under & constant load.

constant, the crack will arrest within this regien. For the more brittle alloys, once the
crack has grown to a critical length, stable growth will give way to unstable fracture.

While the tougher alloys share Region I and II behavior with the more brittle alloys,
fracture does not occur under a rising load. Instead, after the crack has slowly extended
under a rising load, the crack growth rate will begin to accelerate while the load on the
specimen remains constant., Fracture of the specimen quickly follows. For practieal pur-
poses the beginning of Region III where the crack begins to grow at constant load marks
the limit of structural integrity as failure of the structure is assured. Therefore, the crack
length at the commencement of Region III is used to calculate K.

Data for o5 vs 2a are presented from which the previously discussed R curves were
obizined. In addition, crack growth curves calculated from the CLL specimen R-curve
data are included. This calculation can be accomplished for any assumed crack length 2a
and width W by adding values of Aa to ag and calculating first 2a/W and finally og from
the relationship

. _ Kfat Aa)
¢ Va(amy

Aluminum 7075-T6

The crack growth curves for 7075-T6 are presented in Fig. 9. The hyperbole curve
intersecting each of the CCT specimen crack growth curves represents the average K, value
of 65 ksiy/in. for this alloy. The straight line drawn diagonally across the figure designates
the locus of points on which the net siress is equal to the yield siress; any peint on the
crack growth curve iying to the lefi of the line denotes a net stress less than the yield
stress. The closed data points on the CLL (Armco) specimen curves mark the stress and
crack length used to caiculate K.
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Both the redrawn CLL curve and the CCT specimen curves rise to a maximum load
without encountering constant-load crack growth (Region III behavior), The CLL K¢
value of 63 ksiv/in. closely corresponds to K. = 65 ksiv/in. for the CCT specimens. -

Aluminum 7475-T61

For this tougher aluminum alloy, both the CCT and CLL specimens demonstrate
crack growth af constant load (Fig. 10). The K. value of 118 ksiv/in. reported for the
CLL specimen was calculated from a crack length equivalent to the end of the constant-
load crack growth region; at the commencement of Region I1I, K. = 105 ksiv/in. for this
specimen. The CCT specimen data produce an average K. = 88 ksiv/In. calculated at the
beginning of Region III while another laboratory using the CCT specimens reports K, =
85 ksiv/in. (6). It should also be noted that the CLL specimen loaded in tension. develops
a value of K, = 111 ksiy/in. and shows no region of crack growth under constant. load (7).

W = 120 IN

_ B = 009IN.

3 sor Tys= GO KSI . ; i L
. Kc = B84 KSI N Fig. 10 — Gross stress 0g plotted against crack length
Y 6o DIRECTION WR 2a for aluminum alloy 7476-T61. Note region of crack
@ growth under constant gross stress (equivalent to con-
E SN =Ty ARMCO CURVE stant load) and similar region in constructed Armeo
w 40F curve. Instability location marked by selid symbols.
E 20t

Aluminum 2024-T3

As indicated in Fig. 11a and 11b, the crack growth curves for both the redrawn CLL
data and the CCT data rise to a maximum stress and remain essentially constant for a long
period of crack growth, The instability point for the CLL curve is at the beginning of
Region III in Fig. 11a but occurs after considerable constant-load crack growth has taken
place for the wider specimen (4T) of Fig. 11b. The K. values for the 12-in.-wide CCT
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specimens (K¢ = 97 ksiv/in.) are calculated from stress values which just exceeded the yield
stress but closely corresponded in K, values from the 20-in.-wide CCT specimens (K, = 102
ksiv/in.) for which instability preceded the yield stress.

Steel PH 15-7 and 4130

Little indication of crack extension at constant load is seen for the PH 15-7 stainless
steel specimens {Fig. 12) for either CCT or CLL specimen geometry except for the 20-in.-
wide CCT specimen in the RW direction (not shown),

The crack growth curve for 4130 steel CCT specimens is plotted in Figs. 18a and 13b.
In each case the crack growth was stress dependent unfil a stress level was attained at
which the crack extended at constant load culminating in fracture after 1 to 3 in. of crack
extension. Region III behavior was common to specimens of both yield strength levels,

Titanium Ti-6Al-4V

The crack growth characteristics for this alloy are plotted in Fig. 14. All of the
specimens displayed sufficient crack extension prior to fracture to obviate the possibility
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that recorded K, values were affected by the crack tip radius. The CCT specimens con-
taining the shorter initial slifs did not demonstrate Region III behavior, whereas those
specimens with the longer 2ag did evidence constant-load crack growth,

It should be noted that the constant X, hyperbolic curve drawn in each of these fig-
ures was based on the infinite sheet formula, whereas the instability poinis for each speci-
men were calculated with the lsida finite width equation (8). This accounis for the devia-
tion between the mean value of the instability points and the position of the constani-Kg
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curve. It should also be noted that for some materials, instability and final separation
occurred at net stress values below general yield, showing that Region III behavior is not
a phenomenon associated with general yield in the specimen.

These data illustrate the types of response to loading which can be expected of sheet
metal containing notches or cracks. To the designer, once the crack begins to propagate
under a constant load or stress, structural integrity has been lost. Therefore, the K value
separating Region II from Region III is considered to represent the effective fracture resis-
tance of the material. This value does not appear to be indicated by the CLL specimen.

SUMMARY

The effect of slit tip radius on K, was investigated for 7075-T6 sheet of 1/16-in.
thickness. No significant change in K. was observed over a slit tip radius varying from
0.005 in. to fatigue crack sharpness. As stable crack growth preceded instability, it would
be expected that K, would be independent of the acuity of the slit tip. An opposite and
probably anomalous effect was noticed for Ti-6Al-4V. Recent results indicate that when
instability occurs immediately upon reaching maximum load without prior crack extension,
the slit tip radius may have to be considered.

Although no influence of the slit tip radius on K; for 7075-T6 was recorded, the tip '
sharpness did affect the shape of the crack extension R-curve. While the R curves of both
eloxed slits and sharp eloxed slits were similar, the crack extension curves from slit tips
extended by fatigue cracks exhibited longer crack growth at lower loads prior to instability.
The latter curves closely resembled the R-curves obtained with CLL specimens.

The relationship between specimen width and K. appears to be straightforward for
aluminum alloys. For 2024-T3, K. is not a function of width for W = 12.in. The. 12-in.-
wide specimens were the equivalent of 20 times the plane-stress plastic zone radiust ry.
Earlier work on 7075-T6 had demonstrated that if W > 26ry, valid K. values could be
obtained. The results of the width study of PH 15-7 stainless steel are indecisive, The
11-in.-wide WR specimen was the equivalent of W = 22.5ry, and by the aluminum criteria
should have been sufficiently wide. Yet the K; value of the 20-in.-wide stainless. was
significantly higher than either the 11- or 12-in.-wide specimens. It is presently unclear
why a width dependence was observed for this alloy.

The K- and R-curves were generally independent of initial slit length 2ag for the
aluminum alloys over the range of slit lengths investigated. Some scatter was observed for
one of the strength levels of 4130 and Ti-6Al-4V but no discernible trend was in evidence.

The inverse relationship between K. and yield strength was obvious for the aluminum
alloys and for 4130 steel.

In a structure, failure is imminent once a crack starts to propagate under constant
load. For that reason, when crack growth at constant load was observed in a CCT test,
the K value at the commencement of this behavior was deemed the effective fracture
toughness of the sheet, Mathematical tangents to R-curves produced either by the CLL or

1 2
- ()
2z \Oys




18 FREED, SULLIVAN, AND STOOP

the CCT specimen are not sufficiently diseriminatory to identify the onset of constant-load
crack extension; it must be checked by data and/or plots of gross stress eg vs crack length.
The advantage of the CCT specimen is that the initiation of this behavior is readily identi-
fiahle even from raw dafa, whereas 2 conversion computation must be made for the CLL
specimen data to change Ky —a fo a oG — 2a curve.
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